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Abstract. The ability to store hydrogen in a highly dense state within absorbents via the mechanism of adsorption has
become a critical step in order to make a hydrogen powered automobile a practical reality. Absorbents are composed of
nano-scale cavities (or pores) designed in such a way that hydrogen will adsorb onto the internal surface and thus be
stored densely and safely enough for transport at ambient conditions. This work investigates the effect of the geometry
of the cavity shape by applying a new mathematical model for predicting gas uptake, which is based on calculating the
van der Waals’ interactions for hydrogen, within spherical, cylindrical and slit-shaped cavities and assuming equations
of state for hydrogen in bulk gas and adsorbed phase.
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INTRODUCTION
As fossil fuel supplies diminish, the need for
practical renewable energy grows [1]. The invention of
the hydrogen electro-chemical fuel cell has brought the
hope of a green future by creating electricity without
the need for fossil fuels and producing pure steam as
the exhaust product [2]. Two main obstacles for this
technology to power automobiles are (I) the inability
to collect pure hydrogen at low energy cost and (II) the
inability to store hydrogen densely and safely enough
for transport [1, 3] and this paper is concerned with the
latter issue.
The US Department of Energy (DOE) has set the
targets for a gravimetric uptake of 6 wt. % (0.06 kg H2
/ kg system) and a volumetric uptake of 0.045 (kg H2 /
L system) by 2010, and even higher targets are
proposed for 2015 [4]. There are many materials being
investigated that could possibly satisfy the DOE
targets and amongst them are those that utilize the
mechanism of physi-sorption (a.k.a. adsorption)
including, zeolites, nanotubes, fullerenes, polymers,
fiberglass and metal-organic frameworks [5]. These
materials have in common open structures composed

*

Sphere

d

Energy (eV)

Cylinder

d

Slit

d
FIGURE 1. Potential energy for adsorption within
cavities.
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Cylindrical cavity:

of nano-sized cavities (or pores, holes or channels) that
provide adsorption sites for hydrogen to enter the
material and adsorb onto internal surfaces. Hydrogen
can be stored in a more dense fashion in the adsorbed
phase as compared to bulk gas phase [6]. Thus, the
objective is to design the porosity of the material so as
to increase the amount of hydrogen in the adsorbed
phase.
A key question which this paper addresses is,
“what is the optimal cavity shape that achieves the
highest amount of adsorption at close to ambient
conditions?” Here we consider the most common
geometric shapes, that is, spherical, cylindrical and
slit-shaped. The method for prediction is a novel
approach that incorporates the interactions between
hydrogen and the cavity wall and is determined from
the Lennard-Jones potential energy function, combined
with two equations of state (one for the adsorbed phase
and one for the bulk gas phase).
The following section provides the details for the
model and the subsequent section presents the results.
Finally, a conclusion is given outlining our major
findings.
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where Ș is the atomic surface density on the cavity
wall set to 0.3182 (No. C atoms / ǖ2). The resulting
potential energy within each cavity is demonstrated in
Figure 1, with identical dimensions d. The potential
energy is enhanced when the potentials overlap each
other as a result of the surfaces arranged close to each
other and\or the surfaces having concave curvature.
The next step in the method is to determine the
amount of space within the cavity for which hydrogen
will either be in the adsorbed phase or in the bulk gas
phase. As previously explained, we assume that a
hydrogen molecule is in adsorbed phase if its kinetic
energy is less than the van der Waals potential energy
(binding energy) and vice-versa for the bulk gas phase.
Therefore the free volume for adsorption is found by
integrating the Arrhenius probability term (1-exp[E/RT]) over the total free volume within the cavity,

,

ρ
ρ 12
where A and B are the attractive and repulsive
constants, respectively, defined as A = 4İı6 and B =
4İı12 (ı is the kinetic diameter and İ is the well depth).
Throughout this paper the Lennard-Jones constants for
the interaction between hydrogen and carbon are used,
derived from the Berthelot-Lorentz mixing rules, ı =
3.159 (ǖ) and İ/k = 68.23 (K). Using the LennardJones function as a basis, continuum models for the
potential energy between a particle and the internal
surface of cylindrical, spherical and slit-shaped
structures have been previously derived by integrating
the interactions continuously across the whole surface
(Cox and Hill [7]). The functions are given below and
we refer the reader to [7, 8] for further details:
6
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The underlying physical concept of the model is
that if the hydrogen molecule has a kinetic energy
greater than the van der Waals binding energy with the
cavity surface then the hydrogen molecule will be in
the bulk gas phase. Conversely, if the hydrogen
molecule has a kinetic energy less than the van der
Waals binding energy with the cavity surface, then the
hydrogen molecule will be in the adsorbed phase.
We begin by defining the van der Waals
interactions between two atoms at a distance ȡ by the
Lennard-Jones 6-12 potential energy function,
A
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Ecyl (ρ ) = η − A H cyl [3] + B H cyl [6] ,

Vad =

³V 1 − exp[− E( ρ ) / RT ]dρ .
f

Similarly, the free volume for the bulk gas,
Vbulk =

³

Vf

exp[ − E ( ρ ) / RT ]dρ .

The total free volume Vf is defined as the volume for
which the potential energy is less than zero. In other
words, the boundaries of this free volume are located
where the potential energy is zero.
The final step in our method is to determine the
number of hydrogen molecules in each phase. This is
accomplished by using the equation of state. Firstly,
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cavity has the highest gravimetric uptake followed by
the cylindrical cavity and the spherical cavity.

the amount of molecules in adsorbed phase is found by
solving a modified version of the Dieterici equation of
state [9] for nad,
P (Vad / nad − v0 ) = RT exp( − E / RT ) .
Similarly, the amount of molecules in the bulk gas
phase is found by solving a simplified version of the
van der Waals equation of state,
P (Vbulk / nbulk − v0 ) = RT .
where P is pressure, R is the universal gas constant, T
is temperature, E is the average potential energy for
adsorption and v0 is the occupied volume of closely
packed hydrogen molecules. The total number of
molecules are found from n = nad + nbulk, and the
gravimetric uptake is calculated in the following way,
nm
wt.% =
× 100 ,
(n m + M )
where m is the mass of a hydrogen molecule and M is
the mass of the cavity wall. In addition, the volumetric
uptake is then calculated from,
nm
v=
× 100 ,
V
where V is the total cavity volume (including space
occupied by framework atoms).

FIGURE 2. Hydrogen gravimetric uptake within
spherical (solid), cylindrical (dashed) and slit-shaped
(dotted) cavities of equal dimension d = 10 ǖ at 200K.

RESULTS AND DISCUSSION
Since the US DOE objectives require operating
conditions to be close as possible to the ambient
temperature, the predicted hydrogen gravimetric and
volumetric uptake at 200 K is shown in Figure 2 and
Figure 3, respectively. We observe that the spherical
cavity has the highest uptake at low pressures,
followed by the cylindrical cavity at higher pressures
and finally the slit-shaped cavity exceeds in uptake at
extremely large pressures. This can be explained by
the trade off which exists between the adsorption
energy and the free volume [6]. Spherical shaped
cavities have the highest potential energy for
adsorption and therefore are capable of adsorbing large
amounts of hydrogen at low pressures. However, as
the pressure increases the hydrogen uptake is restricted
by the amount of free volume available within the
cavity. On the other hand, the cylindrical cavities have
a lower adsorption energy but a higher free volume,
and similarly, the slit-shaped cavities have an even
lower adsorption energy but an even higher free
volume. This behavior is enhanced at lower
temperatures.

FIGURE 3. Hydrogen volumetric uptake within
spherical (solid), cylindrical (dashed) and slit-shaped
(dotted) cavities of equal dimension d = 10 ǖ at 200K.

At these conditions, small amounts of hydrogen are in
the adsorbed phase compared to the gas phase meaning
that the ratio of cavity free volume Vf over system
mass M is the dominant factor, observed in
experimental and simulation work [6, 10]. On the other
hand, the cavity achieving the highest volumetric
uptake depends upon the dimension of the cavity d. In
this case, the ratio of the uptake amount n over the
total cavity volume V is the dominant factor causing
the amount of molecules in the adsorbed phase to play
a crucial role in attaining maximum volumetric uptake
at an optimal cavity dimension d. The optimal cavity
size d is 7.6 Å for slit-shaped, 10.2 Å for cylindrical

Figures 4 and 5 show the gravimetric and volumetric
uptake, respectively, at a temperature of 243 K and a
pressure of 100 atm, which are the anticipated
operating conditions for 2010 by the DOE. As
expected at close to ambient conditions the slit-shaped
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expected to be lower than that predicted by this model.
Spherical and cylindrical shaped cavities benefit from
their concave surface where the energy potentials
overlap each other creating a stronger potential, as also
demonstrated by Okamoto and Miyamoto [11].

and 13 Å for spherical cavities. Slit-shaped cavities
achieve higher volumetric uptake than cylindrical and
spherical cavities at 100 atm. However, at lower
pressures the cylindrical cavities would achieve the
highest followed by the spherical cavities at even
lower pressures, as demonstrated in Figure 3.
Therefore the effect of potential energy for adsorption,
free volume and system mass on the total gravimetric
and the volumetric uptake have been demonstrated.

CONCLUSION
This work has investigated the hydrogen adsorption
properties of spherical, cylindrical and slit-shaped
cavities using a novel mathematical method based on
fundamental principles. Since the operating conditions
are desired to be as close to the ambient conditions for
use within automobiles, the slit-shaped cavities show
higher hydrogen uptake because of their large volume
over mass ratio. At lower temperatures and lower
pressure the spherical and cylindrical cavities absorb
higher amounts of hydrogen due to the curved surfaces
creating stronger adsorption energies.
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FIGURE 4. Hydrogen gravimetric uptake within
spherical (solid), cylindrical (dashed) and slit-shaped
(dotted) cavities with varying dimension d at 243 K
and 100 atm.
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FIGURE 5. Hydrogen volumetric uptake within
spherical (solid), cylindrical (dashed) and slit-shaped
(dotted) cavities with varying dimension d at 243 K
and 100 atm.

It is worth noting that these calculations do not take
into account the interstitial gaps which exist when
stacking cylinders or spheres together. With this as a
consideration, the total uptake within the stack is
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